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Abstract 
The experimental work carried out to study the heat and material flow effects on average grain size and hardness variation in 
Friction-stir welded joint of AA5052-H32 is presented. In order to quantify the heat input effects on the resulting microstructures 
and hardness, temperatures are measured at selected locations within the workpieces. Further, the thermo-mechanical effects due 
to tool’s rotation are studied by examining the grain size variation across the weld geometry for different weld traverse speeds. 
Finally, the peak temperatures and average grain sizes are correlated qualitatively to the resulting hardness of the friction-stir 
welded joint. 
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1. Introduction 
Friction-stir welding (FSW), a solid-state joining technique, has been increasingly used in automobile and 
aerospace industries due to fewer defects present in contrast to fusion welding (arc and laser) techniques. In FSW 
process, the frictional heat between the workpiece and tool along with the mechanical effects by the rotating tool 
results in heating and material flow from advancing side (AS) to retreating side (RS) and thereby fills-up the hole 
generated by the tool-pin [1]. In general, FSW joint comprises of stir zone (SZ), thermo-mechanically-affected zone 
(TMAZ), heat-affected zone (HAZ) and base metal (BM). These zones are characterized by the final grain sizes. 
The geometry of these zones primarily depends on the process conditions such as weld traverse speed (TS), tool 
rotational speed (RS), axial load (P) and the tool-pin geometry. In order to produce quality welds by FSW technique, 
it is important to study the role of heat input and its effects on macro and micro-structures, which in turn affects the 
final mechanical properties of the weld joint.  
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Indira Gandhi Centre for Atomic Research
210   B. Madhavi et al. /  Procedia Engineering  86 ( 2014 )  209 – 214 
Figure (1) Experimental set-up of 
Friction-stir welding. 
Over the past decade and half, researchers have investigated on FSW joints of different aluminum-alloys 
and the effect of process parameters on resulting macro and micro-structures and mechanical properties of the weld 
joint. In particular, the experimental research works revealed several aspects of different phenomenon affecting the 
mechanical properties and is briefly discussed. Bahemmat et al., (2008, 2009) found that the hardness in SZ 
decreased with increasing tool rotational speed. However, the grains in SZ are larger with tapered tool-pin than the 
four-flute tool-pin. The fine and equiaxed grains in SZ were observed by other research groups [4-8] and attributed 
to recrystallization phenomenon. Kumar and Kailash (2008) found that the grain sizes increased with increasing 
axial load. Cerri and Leo (2010) reported that high density secondary particles exhibits large resistance to 
recrystallization in SZ. Rajakumar and Balasubramanian (2012) developed empirical relationships to predict the 
average grain size, hardness and tensile strength by incorporating the tool-pin geometry and the FSW process 
parameters. Xu et al., (2009) reported on dynamic recrystallization resulting in fine and equiaxed grains in SZ. Also, 
the grain size decreased from top to bottom of SZ. Yong-Jai et al., (2009) observed the formation of onion ring 
structures in SZ and found that its size increased with increasing RS. It was also reported that the grain sizes in SZ 
decreased further with increasing RS. Varun Kumar and Balachandhar (2012) studied the FSW joints with and 
without silicon carbide (SiC) powder and found that the SZ consists of relatively better distributions of SiC powder 
due to stirring effects. They concluded that the hardness in the nugget is higher for SiC powder inserted plates. 
Barcellona et al., (2006) investigated on the grain sizes and insoluble particle densities in SZ and found that the 
density of secondary particles decreased due to recrystallization phenomena. Koilraj et al., (2012) studied the 
joining of dissimilar aluminium-alloy plates and the optimum process parameters were determined with reference to 
the tensile strength of the joint. Mishra and Ma (2005) presented a comprehensive review report on mechanisms 
responsible for the formation of welds, microstructural refinements and the effects of process parameters on final 
mechanical properties of Friction-stir welded joints. It should be noted here that the above researchers mostly varied 
the rotational speed for changing the net heat input and also considered aluminum-alloy of either 6xxx or 7xxxx 
series.   
The current work presents a detailed study on the measured thermal cycles, grain size and hardness 
variation across the FSW weld joint of AA5052-H32 plates. The effects of heat input on the weld joint geometry, 
peak temperatures, grain sizes and hardness have been studied by varying the weld traverse speed (TS) and the key 
observations are reported. 
2. Experiments 
A commercial aluminum-alloy (AA5052-H32) of 4 mm 
thick plates were butt welded using FSW technique and HCHCr 
steel as tool material. A cylindrical tool-pin with 6 mm diameter, 16 
mm shoulder diameter and 2ͼ inward taper on the shoulder was 
used. Initially, the workpieces (plates) were positioned using 
mechanical clamps on a conventional Milling M/c, as shown in Fig. 
(1). A single pass butt welds were made normal to the rolled 
direction of plates. A tool rotational speed of 500 rpm and tool-pin 
height (TPH) of 3 mm were fixed based on prior studies by the 
current authors [15-16]. Different heat inputs were given by varying 
weld traverse speeds (TS=28, 40 and 56 mm/min), only.  
In order to measure temperatures during FSW process, K-
type thermocouples (TCs) were inserted to the required depth from 
bottom of the plates. The TCs position is referred from top surface of 
the plates (y-values) and away from weld axis (z-values). 
Temperatures were recorded using data logger (Model No. TC-800D) at a frequency of one data per second. The 
specimens for metallographic examination were prepared by cutting the welded joints to the required dimensions 
and polished on different grades of emery sheets followed by a diamond paste. Finally, the polished specimens were 
etched with Tucker's reagent (15ml Nitric-acid, 45ml Hydrochloric acid, 25ml distilled water and 15ml of 
Hydrofluoric acid) for about 20 seconds. Macroscopic examinations were carried out using a Trinocular Stereoscope 
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Figure (2) Weld geometry at different TS, 
mm/min; (i) 28 (ii) 40 (iii) 56. Rotational 
speed, RS=500 rpm is fixed. 
(10X). Vickers hardness measurements were done under a load of 100 gf for 10 seconds. Indents were made at 
different depths (y-values) and widths (z-values) at regular intervals of 1 mm up to 8mm on advancing and 
retreating sides.  
3. Results and Discussion 
3.1 Friction-Stir Weld Geometry 
FSW joints of AA5052-H32 plates (150mm x 
100mm x 4mm) were made for different process 
parameters and the results are discussed below. Figure (2) 
shows the macrographs of weld geometry at different 
traverse speeds. Increasing TS lowers the net heat input to 
the plates and hence decreases the plasticized material 
flow around the tool-pin. Thus the heat diffusion around 
the tool-pin increases the weld penetration beyond the 
tool-pin tip causing the weld geometry narrow and deep 
and is found at all rotational speeds [15]. It can be 
observed from Fig (2) that the HAZ thickness increased 
with increasing TS. It should be noted here that neither 
material out flow nor the defects were observed for these 
process parameters studied. 
 
3.2 Thermal Cycles in FSW Process 
In general, the temperature at any given location within the workpiece rises as the heat source approaches it 
and decreases once moves away from it. Therefore, the thermal cycle consists of heating and cooling periods. The 
maximum temperature (peak temperature, TP) attained at any given location depends on its location from the weld 
center line, i.e., depth (y-value) and width (z-value) away from the weld axis in cross-sectional view. In FSW 
process, due to material flow, more heat would be transported and diffused in the direction of tool rotation making 
the weld joint asymmetry with respect to weld axis. Therefore, the friction-stir weld geometry consists of advancing 
side (AS) on left and retreating side (RS) on right for clockwise rotation of the tool and vice-a-versa. Figure (3) 
shows the measured temperatures in butt welding of AA5052-H32 plates at different traverse speeds. Figures (3a-
3c) on left shows the temperatures measured at different locations in advancing side (AS) while on right shows in 
retreating side (RS) for the same locations. It can be observed from Fig (3) that for same locations, the peak 
temperatures are higher in AS than RS and the difference increased in the depth direction. It is a known fact the net 
frictional heat input per unit length of the weld depends on weld traverse speed (TS) and is high at low TS value and 
vice-a-versa. The increased heat input at low TS values increases the material temperature and hence increases the 
material flow. The increased material flow would result in increased heat diffusion within the workpiece, which 
would result in less variation in peak temperatures and is clearly observed in Figs (3a-3c) for all depths. Further, it 
can be observed that the decrease in material flow at higher TS resulted in increased peak temperature in AS and 
decreased peak temperature in RS. Also, the decrease in material flow resulted in increased temperatures in depth 
direction indicating more material flow in the lateral direction. It should be noted here that the hardness at a given 
location depends on peak temperature as well the zone in which the location lies, i.e. whether mechanical effects are 
present or not. In FSW process, due to thermo-mechanical effects, recrystallization phenomenon may occur and 
form fine and equiaxed grains in SZ resulting in increased hardness at the weld centre line. Increasing TS increased 
the width and depth of the weld geometry and the same location become closer to the zones thereby increases the 
peak temperature and is clearly observed in Figs (3a-3c). Table (1) gives the summary of peak temperatures (TP) at 
selected locations in both AS and RS and at different weld traverse speeds. It can be observed that the peak 
temperatures are higher in AS than RS. It should be noted here that the TCs were positioned nearer to HAZ and 
towards the BM at all conditions. 
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Table (1) Peak temperatures at width, z=6mm and different traverse speeds, TS (mm/min) 
Depth, y (mm) Adv. Side (AS) Ret. Side (RS) 
TS=28 TS=40 TS=56 TS=28 TS=40 TS=56 
y=1 287 238 307 293 269 279 
y=2 363 380 326 289 303 303 
y=3 295 400 328 285 320 302 
3.3 Grain Sizes and Hardness in FSW Joint 
The grain sizes and distribution are subjected to the thermal and mechanical conditions that the material 
experiences during FSW process. Therefore, the grains vary from zone to zone as well as point to point within the 
zones. The grain sizes are measured using ASTM line intercept method. Figure (4) shows grain size distribution in 
different zones and is very clear that the grains are fine and uniform in SZ (average grain size is 19 μm) and is 
Figure (3) Thermal cycles at selected locations in AS and RS for different 
traverse speeds, TS. 
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Figure (4) Grain size variation in different zones at 
TS=56 mm/min and RS=500rpm; (a) SZ (b) 
TMAZ (c) HAZ (d) BM 
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Figure (5) Grain sizes at selected location (y=3mm, 
z=6 mm) in AS and RS; (a, b) at TS=28 mm/min, 
(c, d) at TS=56 mm/min. 
somewhat coarser in TMAZ (average grain size is 21 μm). It can also be observed that the grains are much larger in 
HAZ (average grain size is 28 μm) and are comparable to that of BM (average grain size is 38 μm) indicating no 
mechanical effects in HAZ and hence the grain size changes are due to thermal conditions, only. However, the 
grains vary from point to point and may observe significant variation near the interface. It can also be observed from 
Fig (4) that the secondary particle density is low in SZ and TMAZ as compared to the HAZ and BM and is due to 
increased diffusion at higher temperatures. Also, the particle density increased with increasing TS values. Figure (5) 
shows the grain size distribution at same location in AS and RS but for two different traverse speeds (28 and 56 
mm/min). It can be observed that the grains are smaller in AS (average grain size is 28 and 31 μm, respectively) 
than in RS (average grain size is 34 and 35 μm, respectively) and is attributed to recrystallization phenomenon at 
these peak temperatures (see Table 1). Also, it is clear from Tables (1 and 2) that increasing TS increased the peak 
temperatures and grain sizes resulting in decreased hardness both in AS and RS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table (2) gives the summary of hardness in AS and RS for different weld traverse speeds. Comparing Tables (1 and 
2), one can observe that peak temperatures are higher in AS than RS and the resulting hardness values are low in AS 
and high in RS. The above trend is attributed to increased grain growth in AS due to thermal effects only.  
 
Table (2) Vickers hardness at width, z=6mm and different traverse speeds, TS (mm/min) 
Depth, y (mm) Adv. Side (AS) Ret. Side (RS) TS=28 TS=40 TS=56 TS=28 TS=40 TS=56 
y=1 72.7 78.13 68.01 87.67 75.93 72.77 
y=2 74.94 77.14 87.33 82.74 79.47 69.87 
y=3 79.8 79.33 73.72 83.48 72.77 76.32 
4. Conclusions 
A rigorous experimental work has been carried out to study the heat effects on the grain sizes as well as 
hardness in FSW joints of AA5052-H32. The net heat input to the workpieces has been varied by changing the weld 
traverse speed (TS). The overall observations from this study are as follows; (i) at same location in AS and RS, the 
peak temperatures are higher in AS than RS at all TS values  (ii) the cooling rates in AS and RS are very much 
comparable. However, the heating rates increased at higher TS (iii) at lower TS, the temperature difference in AS 
and RS is less at locations near the top surface and increases in the depth direction (iv) at higher TS, the increased 
peak temperatures in HAZ increased the average grain size and decreased the hardness both in AS and RS. 
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